It was previously reported (Groman, 1961) that an inhibitor of phage B of Corynebacterium diphtheriae and related phages was produced when the host strain C4 was exposed to low concentrations of oleic acid. The evidence indicated that inhibition was biologically specific. In the present study a more detailed examination of the specificity of inhibition was undertaken, and the results suggest that the phage inhibitor is related to phage receptor aterial.
MATERIALS AND METHODS
Phages and bacterial strains. In addition to strain C4 of C. diphtheriae, the original source of inhibitor material, the following mitis and mitis-like strains from the University of Washington collection were also employed in the present study: C4(,), C4(-y), C4(y)(,), C4/f3, C4/B, 325, C7, Co443, V475, A030, A8630, and C1102. The first five strains were derived from C4; the first three by lysogenization with the phages indicated in parenthesis and the other two as mutants resistant to lysis with the phage indicated to the right of the bar. In the course of this study phages B, Bh, 3, and 'y were employed.
Reference to their origin and characteristics was given previously (Groman, 1961) .
Media and chemical reagents. Proteose peptone salt (PPS) and heart infusion media (Difco) were employed as previously described (Groman, 1961 August, 1958; Stockholm, Sweden. Rochester, New York. All fatty acids were made up as stock 5 per cent solutions in ethyl alcohol and diluted into distilled water prior to dilution into the proteose peptone salt medium. Palmitic and stearic acids were used as the sodium salts, and fresh solutions of these salts were made up daily prior to dilution into distilled water. Four nonionic surface-active agents were also employed. They were Tween 80 (Atlas Powder Company, Wilmington, Delaware), Triton WR-1339 (Winthrop-Stearns, Inc., Meyerstown, Pennsylvania) , Demal 14 (Emulsol Company, Chicago, Illinois) and saponin (source unknown).
Antiserum production and adsorption. Antiserum to strain C4 was produced according to the procedure outlined by Minzel and Freeman (1950) in which a formalinized-suspension of cells is used. The slide agglutination procedure described by these investigators was used in titering the serum. A normal serum sample was withdrawn from each rabbit before immunization and used in experiments where a reference normal serum was required. Adsorption of serum was carried out with heated cells following the method of Cummins (1954) .
Experimental methods. In most instances, the standard method of producing and testing inhibitor (Groman, 1961) was used. In the present experiments, 20 ,ug/ml of oleic acid was used in inhibitor production. The concentrations of the other compounds tested will be given in the text. Unless otherwise indicated, phage inhibition or adsorption was tested over a 10-min period at 37 C. This test period was selected as one in which both processes had reached significant levels, but were not complete. In those experiments in which adsorption and inhibition were compared, the inhibitor was produced from a sample of the same cell suspension used in assessing adsorption.
In the course of this work a number of strains of C. diphtlwriae were tested for their ability to adsorb phage and to produce inhibitor. Phage 394 on September 23, 2017 by guest http://jb.asm.org/ Downloaded from DIPHTHERIA PHAGE ADSORPTION AND INACTIVATION adsorption was determined by testing residual phage activity in the supernatant after removal of the cells by centrifugation. Inhibitor action was determined by assaying for residual phage after exposure of phage to the supernatant from an oleic acid-treated cell suspension. To make this phase of the study possible a screening procedure was adopted. A standard loopful of the initial phage suspension was calibrated so as to just give confluent lysis on the C4 indicator strain. Adsorption or inhibition was recorded as positive if lysis of the indicator was significantly reduced over tlhat of the control. A negative reaction was checked quantitatively to determine the extent of adsorption or inhibition. Standard phage methods adapted to this system (Groman, 1955) Table 1 show that immune serum neutralizes inhibitor activity, and that antibody to inhibitor is removed by adsorption with C4. Normal serum was slightly active at the dilution employed but showed little change in activity after adsorption with C4. These data support the thesis that inhibitor is related to a component of the C4
cell. The removal of antibody to inhibitor following adsorption with heated C4 cells indicates that the component is located on or near the surface of the cell.
(2) Relation of phage inhibitor to phage receptor:-To assess the relation between phage inhibitor and phage receptor a number of strains of mitis and mitis-like C. diphtheriae were examined for their ability to adsorb phage B, Bh, ,B, and y, and for their ability to produce an inhibitor active on these phages. In selecting strains to be tested the following variables were considered: (i) pattern of resistance to the test phages, (ii) the basis of phage resistance, i.e., whether it was mutational in origin or the result of lysogenization with one or more test phages, (iii) relationship to strain C4 as indicated by agglutination test with C4 antiserum, and (iv) toxigenicity. Of the 12 strains selected in addition to C4, 5 were derived from C4 and 7 were independent isolates. The pertinent characteristics of these strains and the results of the experiments are given in Table 2 . The data in the cplumn headed Adsorption of Test Phages show that all phages adsorbed to all the strains tested. There was no correlation between the variables used as a basis for selecting these strains and ability to adsorb phage. Strain C4/B was the only strain which failed to give evidence of phage adsorption by the screening test, but on direct test adsorption was observed although at a slower rate than on strain C4.
Each strain in Table 2 was also tested for its ability to produce inhibitor in the presence and absence of oleic acid during a 10-min incubation period in proteose peptone salt medium. After incubation the cells were removed by centrifugation and the supernatants were tested for inhibitor activity against phage B. The results are given in the last two columns of the Serum adsorptions were carried out with strain C4. The adsorbed and unadsorbed sera were employed at a final dilution of 1:200 and incubated for 2 hr at 37 C with the inhibitor before the addition of B phage. Phage inhibition was measured over a 10-min period. In controls the various sera were tested for activity in the presence of 20 p&g/ml of oleic acid, but with inhibitor omitted.
There was no measurable activity in the controls. (Groman, 1961) , C4/B inhibitor activity failed to increase when the cells were treated with 40 and 60 ,ug/ml of oleic acid.
Comparison of phage-inhibitor interaction and phage adsorption. The relation of phage inhibitor and phage receptor substance was explored further by comparing the effect of certain experimental conditions on the adsorption of phage B to intact C4 cells and on inhibition by the oleic acid-activated inhibitor prepared from the same cell suspension. Since little is known about the initial steps in the C. diphtheriae phage-host interaction, the study served a dual purpose.
(1) Ion effects on inhibition and adsorption:-One of the characteristic features of phage adsorption is its dependence on specific concentrations of ions. The effect of increasing concentrations of NaCl on B phage adsorption and inhibition was examined. The results of two experiments given in Table 3 show that adsorption and inhibition are progressively suppressed as the concentration of NaCl is increased.
The report by Barksdale and Pappenheimer (1954) that diphtheria phage B adsorption was inhibited by citrate led to an examination of its effect on adsorption and inhibition. The effect of citrate on adsorption is usually interpreted as due to the binding of calcium ion. The results of two experiments given in Table 4 show that adsorption is completely suppressed by the addition of 0.5 per cent citrate and that inhibitor action is partially suppressed.
(2) Effect of nonionic surface-active agents on phage inhibition:-It was previously reported (Bobb and Groman, 1957 ) that certain nonionic surface-active agents inhibit the adsorption of phage B to C4, whereas others fail to do so. Tween 80 and Triton WR-1339, adsorption inhibitors, and Demal 14 and saponin, which do not affect adsorption, were tested for their effect on phage-inhibitor interaction. All surface-active agents were employed at a concentration of 0.1 per cent at which their differential effect on adsorption is clear. The results of these experiments are given in Table 5 . From these experiments it is apparent that all four agents tested suppress inhibitor action almost completelv. Inhibitor was produced by exposing 108 cells/ml suspended in proteose peptone salt medium to 20 ,Ag/ml of oleic acid for 10 min at 37 C. Cells were removed by centrifugation and the supernatant employed in the test. Phage adsorption was carried out on a sample of the same cell suspension used in producing inhibitor. All tests were carried out for 10 min at 37 C. (3) Effect of temperature on adsorption and inhibition:-The effect. of temperature on adsorption and inhibition was investigated next. The results of two experiments are given in Table  6 . From the data given it is apparent that both adsorption and inhibition are temperature dependent. Efforts have been made to demonstrate a reversible step in either adsorption or inhibition but as yet none is evident.
(4) Specificity of the fatty acid requirement:-A number of compounds were tested for their ability to substitute for oleic acid in the production of phage inhibitor from strain C4. The compounds selected varied with respect to molecular weight, degree of saturation, and presence of a terminal carboxyl group. In attempting to produce inhibitor with these compounds they were employed in the same manner as oleic acid. Two experiments given in Table 7 illustrate the results. All surface-active agents were added to inhibitor to a final concentration of 0.1 per cent. See footnote of Table 3 for details. These results indicate that a compound must be a high molecular weight, unsaturated fatty acid with a free carboxyl group to be active in inhibitor production. In all experiments, oleic and linoleic acid activity were comparable on a weight basis indicating that the degree of unsaturation was not a factor. A small amount of activity was occasionally exhibited by palmitic acid, but when this acid was tested at concentrations of 60 ,g/ml no inhibitor activity was found. Efforts to demonstrate a role for palmitic acid in the release of the host constituent, if not in its activation, were also negative.
DISCUSSION
The evidence concerning the inhibition of phage B by an oleic acid-activated inhibitor may be summarized as follows. (i) Inhibitor for phage B was produced from 12 strains of C. diphtheriae to which the phage also adsorbed. A thirteenth strain also capable of adsorbing phage released an active inhibitor in the absence of oleic acid. * Compounds tested at 60 ,g/ml were also inactive at 20 ug/ml. See footnote of Table 3 for the method of producing and testing inhibitor. The same method was employ ed for all compounds.
GROMAN AND McCORMICK
Inhibitor was not obtained from strains of two unrelated bacterial species (Escherichia coli and Bacillus sp.) (ii) The inhibitor produced by strain C4 was specifically neutralized by an antiserum to this strain and the neutralizing antibodies were removed following adsorption of the antiserum with heat-killed C4 cells. (iii) In general, phage adsorption to strain C4 and inactivation of phage by the inhibitor derived from this strain responded in a similar manner to alterations in the environment. The interpretation consonant with these facts is that inhibition is the result of a specific interaction of phage with material derived from the host cell surface and probably represents the combination of phage and phage receptor.
In the following discussion an attempt will be made to explain the activating role of oleic acid in inhibition and its role in materially increasing inhibitor activity when present during the period that cell material is being released (Groman, 1961) .
Although the role of lipids in phage infection has not been studied intensively, there is evidence from a number of sources that lipids are important in the initial interactions between certain phages and their hosts (Gough and Burnet, 1934; Bruce-White, 1936; Zelkowitz and Noll, 1959) and in fact are essential components of some phage receptors (Jesaitis and Goebel, 1955; Weidel, 1958) . The importance of lipid in phage adsorption is also suggested by the observation that certain nonionic detergents can inhibit the adsorption of diphtheria phage B (Groman and Bobb, 1955; Bobb and Groman, 1957) and a mycobacterial phage (White and K-night, 1958) to their respective hosts. Thus, in the present case it is reasonable to assume that normal receptor for phage B is a lipid-containing molecule.
It can be postulated that when strain C4 cells are suspended in proteose peptone salt medium in the absence of oleic acid, receptor substance minus its required lipid moiety dissolves to some degree. Such a lipidless, incomplete receptor might be present as such on the cell surface or might originate from complete receptor material. The addition of oleic acid to this incomplete receptor material would presumably activate inhibitor by substituting for the normal lipid constituent. Furthermore, the increase in inhibitor activity which occurs when oleic acid is present during the period cell material is released could be visualized as an increase in the dissolution of incomplete or perhaps complete native receptor material from the cell surface. That there is an interaction of oleic acid with the cell surface is supported by the observation that cells exposed to the fatty acid flocculate when suspended in fresh broth to which no oleic has been added. Cells treated in this manner still adsorb phage at a rate equal to or greater than that of the untreated suspension suggesting that additional receptor sites are exposed or that oleic acid combines with some surface material, e.g. the hypothetical incomplete receptor substance, to form additional complete receptor sites.
In concept the above explanation for the "activation" of phage receptor by lipid parallels the findings of Jesaitis and Goebel (1955 (Klein, 1958) suggests that this general formulation may be valid.
SUMMARY
An inhibitor of diphtheria phage B produced by exposing a sensitive strain of Corynebacterium diphtheriae to oleic acid was shown to be neutralized by an antiserum to the host cells. Neutralizing antibody was in turn adsorbed by heated cells of the host strain. These findings suggest that the inhibitor is derived from a surface component of the cells. Additional findings support the thesis that this material is identical with or related to phage receptor substance. First, all 12 diphtheria strains which were tested adsorbed phage and produced a phage inhibitor after treatment with oleic acid. Second, a strong parallel was shown in the effect of salts, temperature, and nonionic surface-active agents on both adsorption and inhibition.
The specificity of the fatty acid requirement for inhibition was investigated and it was observed, within the limits of the compounds studied, that a high molecular weight, unsaturated fatty acid with a free carboxyl group is required.
The role of lipid in inhibitor production was discussed in relation to the presence of lipids in phage receptor material, and the interaction of lipid and cell resulting in phage inhibitor was discussed in terms of its possible significance in virus infections of multicellular hosts.
